Abstract.This paper presents an adaptive speed controller based on artificial intelligent technique to improvethe performance of classical Direct Torque Control (DTC) for Permanent Magnet Synchronous Motor (PMSM) drives. The proposed method applies back propagation (BP) based neural network (NN) to tune the parameters of classical proportional-integral (PI) speed controller. Comparisons between conventional PI speed controller and proposed method are carried out by Simulation.Simulation results demonstrate that conventional DTC system based on the proposed NN speed controller can achieve higher performance with fast speed response, small overshoot and robustness.
Introduction
Permanent magnet synchronous motors (PMSM) have become more popular in high-performance industrial drives. PMSMs have many advantages, such as high efficiency and power density, high torque-to-inertia ratio and simple structure.The main disadvantage of PMSMs is that flux and torque are inherent coupling, which makes them hard to control. Many advanced control theories have been proposed to make PMSMs more comparable.Filed-oriented control (FOC) [1] and direct torque control (DTC) [2] are the two main control techniques for PMSM drives. The FOC technique is widely used in PMSM drives. However, it performs not as well as predicted in practical engineering application due to the variations of motor parameters and inaccurate control mode [3] . In 1980s, DTC algorithm [4] was firstly introduced from ABB for induction motor drives.Decades past, it was already developed and used for variety of motor drives.
Compared with FOC, DTC is a significantly new concept.It possesses many characteristics of less dependence on machine parameters, fast dynamic response and less complexity without coordinate transformation or current regulation [5] . Classical DTC approach usually adopts a proportional-integral (PI) speed controller, torque and flux hysteresis controllers, and heuristic switching table for generating a variable switching frequency.Consequently, it can cause improper transient response with high overshoot, as well as high torque and flux ripples when applied to PMSM drives.
To solve the aforementioned problems of conventional DTC, varieties of optimization methods have been presented in the literature [6] [7] [8] [9] [10] . Many of them can obtain better results in ripple reduction and fixed switching frequency. However, most of them focus on replacing hysteresis controllers [6, 9] , adopting space vector modulation (SVM) [7] and incorporating multilevel converter [8] , thus adding more complexity, computational burden, or hardware cost to DTC system. Speed controller, usually been neglected, also plays an important role in DTC technique for PMSM drives. A PI controller is widely applied to in the outer speed regulator loop due to its relative simple implementation and effectiveness [11] . However, the PI control approach cannot perform sufficiently well in nonlinear PMSM drives system with various uncertainties [12] .Moreover, it's time consuming and hard to tune the proportional and integral gain parameters of PI controller. Recently, some new methods have been proposed to replace PI speed controller [10, 12] . In [10] , artificial neural network (ANN) based on Kalman filter is used as speed controller. Although it can get better simulation results than conventional PI speed controller, it is relatively more complex by combining ANN and Kalman filter. Moreover, it lacks rapidity and stability compared with PI controller.
In this paper, a novel adaptive speed controller based on neural network PI (NN-PI) is presented. Neural network, which is capable of approaching to any nonlinear systems with uncertainties, is applied to tune PI parameters [13] .Effective DTC control for PMSM drives can be obtained by optimizing PI controller parameters using NN with nonlinear self-adaptive ability. Simulation results demonstrate that proposed NN-PI speed controller can enhance the operating performance with faster transient response, smaller overshoot, better robustness, MATEC Web of Conferences 160, 02011 (2018) https://doi.org/10.1051/matecconf/201816002011 EECR 2018 and even smaller torque and flux ripples compared with classical PI controller based DTC scheme.
Direct Torque Control
The basic principle of DTC is to select the optimal voltage vectors, which makes the stator flux linkage space vector rotates to required position while keeping magnitude within the hysteresis band and generate desired torque [10] . The speed controller uses the errors between reference speed and estimated speed as inputs to generate reference torque. In this paper, a NN-PI speed controller is applied to improve performance, which will be introduced in next part. The torque hysteresis and flux hysteresis controllers respectively correct errors between the set reference and estimated values to determine the outputs of proper operations in the closed loop [7] . These outputs, together with the information of the position of stator flux linkage space vector, will make the switching table generate corresponding switchingstates of the voltage inverter [8] . An appropriate voltage vector will be decided based on the switching information.
The relationship between three phase stator voltages and switching states can be described as (1):
Where is DC-bus voltage.
Applying Clark transformation, the α-β components of stator voltage space vector in stationary reference frame are obtained as (2): 
The DTC scheme works based on control of stator flux linkage space vector, which is estimated in α-β reference frame in (3) and (4):
Where and are the α-and β-axis components of the estimated stator flux linkage, respectively. and are the α-β components of stator current space vector.
is stator resistance.
The magnitude of stator flux linkage and electromagnetic torque are calculated by following equations (5), (6):
Where P is the number of pole pairs.
Neural Network-PI Controller
Inspired by the marvellous function of neurons, the artificial neural network (ANN) has been developed very fast to solve big scale and complex problems recently. Numerous works [13] [14] [15] have demonstrated that ANN is suitable for dynamic and nonlinear control systems due to the capability of processing, analysing and learning. The speed controller of DTC structure is a nonlinear system, which hasdisturbances of load inertia and motor parametersvariation against temperature [12] . This makes it difficult for PI speed controller to perform sufficiently well for this DTC control system. This paper proposes an adaptive speed controller based on back propagation (BP) neural network, which is verified by simulation with higher performances.
Incremental PI Controller
The PI control theory has been one of the most widely used methods in industrial application. In continuoustime, the PI equation is expressed in (7) . When the sampling period is very small, a discrete-time PI controller can be obtained as (8) by replacing integrate with summation and replacing derivative with difference quotient of (7).
Where u t and u k are controller outputs at continuoustime t and discrete-time k, respectively; ( ) and ( ) represent tracking errors at continuous-time t and discrete-time k, respectively; is proportional gain; is integral time constant;T is the sampling period. For convenience of program coding work, the equation (8) can be described as incremental form as (9) [15] :
Where is the integral parameter gain.
Structure of NN-PI Speed Controller
The NN-PI speed controller using error back propagation (BP) algorithm consists of two parts. One is classical PI controller which can regulate motor speed in the closed loop. The other is BP neural network which can tune the parameters of and online to achieve the optimal performance. The schematic structure of NN-PI speed controller is shown as in figure 1. The adopted BP neural network has three-layer, which is described as in figure 2 . The numbers of neural nodes of input layer, hidden layer and output layer is J, I and 2, respectively. The inputs are the selected running states of system. The outputs are the parameters of PI controller.
As shown in figure 2 , the neuron i of hidden layer at k can be expressed by following equations (10), (11):
Where (2) ( ) and Where g x = 1 2 (1 + tanh ( )) is the activation function of output layer.
The weights are updated using gradient descent method based on BP algorithm, which is given by (14) :
Where
η is learning rate, α is momentum rate. The weights updating equations are given as follows: 
Simulation and Results
The proposed method is evaluated by simulation on MATLAB.The parameters of PMSM drive system considered in this study are listed in Table 1 .
Table1. Simulation parameters of PMSM.

Parameter Values
Number of pole pairs P 4
Stator resistance It's clearly shown that the proposed method obtains great improvement in reduction of overshoot at the start-up period. Moreover, NN-PI speed controller has much better speed tracking performances than PI controller when facing load torque variations and sudden speed change. The comparison of Electromagnetic torque responses between conventional DTC system with PI controller and proposed DTC system with NN-PI controller is shown in Figure 6 . As can be seen, the proposed method also get relatively better resultwith lower pulse and faster dynamic response in start-up period. Moreover, NN-PI also performs more stable under sudden load torque variationand speed reduction. 
Conclusions
In this paper, an adaptive speed controller using BP neural network for DTC technique based PMSM drives is designed. BP neural network is applied to tune parameters of PI speed controller, which overcomes the disadvantages of conventional PI controller with high dependence on controlled model and time-consuming tuning work. The simulation results demonstrate the effectiveness of the proposed NN-PI speed controller with faster response,
